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Dielectronic recombination for average ions
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Dielectronic recombinatiofDR) in the average-atorfAA) model has been studied. The reasonableness of
directly applying the Burgess-Mer{BM) formula to the AA model has been examined. We have noticed that
it is inappropriate to use the BM formula to calculate DR rate coefficients for average ions. We have developed
a self-consistent-field theoretical method to treat the DR for average ions with electrons. As an example, the
DR rate coefficients for argon have been calculated at a defined electron population, and have been compared
with the rate-coefficient average via detailed configuration accourt8if50-294®7)06101-5

PACS numbd(s): 34.80.Kw, 34.90+q

I. INTRODUCTION ground-state electron in th&h level can be written agt]

The average-atorfAA) model [1-4] is an efficient ap- ANz
proximate method in the calculations of radiation transportin dt ; z,n;z-1mNznNe % @7+ 1m;znNz+1m Ne,
high-temperature laser-created plasmas. The numerical simu- (1)
lations using the AA model have successfully reproduced the
x-ray conversion efficiency. However, the calculated x-raywherea, n.,—1m(a@z+1m':2n) @re the DR rate coefficients of
spectra do not coincide with the experimental ofg6]. The  an ionN, (N, /) in a recombined ioMN,_; (N, ), and
discrepancies were considered to originate in the atomidl, is the free-electron density. The electron energy levels in
physics modeling [5-8. The employed nonlocal- Eg. (1) are distinguished by the principal and angular mo-
thermodynamic-equilibrium atomic physics model includedmentum quantum numbers(;). Let &., , denote the num-
average-ion semiempirical or hydrogenic rates and neglecteger of electrons in théth levels of a “real ion” (N,).
subshell splitting. Obviously, it is necessary to improve rateMultiplying Eq. (1) with &, , and summing over different
coefficients for various atomic processes. This paper focusesharge statez and levelsn, we have
on the study of dielectronic recombinatidBR) processes
for average ions. First of all, we examine the reasonableness S dNzn

k;z,n

of directly applying the Burgess-Mert8M) formula[9] to ndt A Skizn@z,n;z-1mNznNe

the AA model. The DR rate coefficients for average ions

have been derived from the rate equations for detailed con-

figuration accounting. Based on the result obtained, we have + 2 , Skizn@z+1m';znNz+ 1mNe-
noticed that the BM formula widely employed in the AA amm

model[2-4,6,§ is inappropriate to this model. This is be- @

cause the BM formula can only give the rate coefficients . . .
summed over the final statf8—11], whereas the AA model In the second term of t,he right side of HG), if one replaces
needs the recombination rates in a special state. We ha +1,by z, exchangesn’ andn, and drops the prime sympol
proposed a self-consistent-field theoretical method to treal M then the results of the summation ouem, andm
DR for average ions with electrons. This method inclubes are not affected. Therefore E@) can be written in the form
splitting and can give the required recombination rates in a
special final state. Also we have developed an average-atom-
structure program. As an example, the rate coefficients fodt
argon have been calculated at a defined electron population,
and have been compared with the rate-coefficient averages
via detailed configuration accounting.

z,n

E gk;z,nNz,n> :z;m (gk;zfl,m_fk;z,n)

><az,n;z—l,mNz,nNe

= ;} (‘fk;zf 1m~ gk;z,g)az,g;zf 1,mNz,gNe

Il. THEORY
With the framework of the AA model, the DR for the +;n gzg (&;z-1m~ €i;zn)
ionic species present in the plasmas can be replaced with that
for a single fictitious “average ion[1-3]. The DR rate X @y n:2-1mNznNe, 3

coefficients for average ions can be derived from the rate

equations for detailed configuration accounting. Here, fowhere according to the different iondi{,) present in the

simplicity we only consider the contribution from DR to the plasmask is either a ground-stategf or an excited-state
density change of ions. Thus the rate equation for the densitigvel. Hence, for a givek, all these ions can be divided into
N,, of an ion in the charge state with an excited- or the k=g(N'Z'n) and k# g(N'Z',n) groups. For example, when
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k=2p, N1g,525p5, andNyg2,,, respectively, belong to the
N} , andN} , ion groups. Thus Eq3) can be rewritten as

d
m (; gk;z,nNz,n) :;1 (gk;zfl,m_gk;z,g)az,g;zfl,m

X (Ny g +N; )N,

+ 2 E (fk;z—l,m_ ‘fk;z,n)

z,m n#g

><C“z,n;z—l,m(le,n"—lel,n)Ne- (4)

We will, respectively, consider the contributions from the

k=g andk#g ion groups.
(1) For theNy , ion group, &.,—1m— £k2,g=0 since the
electron number of the recombiningl'gg) and recombined

(N,_;,) fions in the ground level is equal; and

éz—1m— €kzn=1 or 0 (n#q), respectively, for the ions
whose configurations are of the form s?Rs?---(k
—1)*k-172K0~ 4t Iy (n=k+1k+2,...) and for theother
ions. Therefore

;] (gk;zfl,m_ gk;z,g)az,g;zfl,lez,gNe: 0, (5
(fk;zfl,m_fk;z,n)a’z,n;zfl,lez,nNe
Zm n#g
_ |
_Zk;¢g (% azk’n;z"l'm) Mo ©

where the summation overin the right side of Eq(6) has
been changed into that ovey, andz, represents the charge
state, in which the ions are of the s®s?--(k
—1)Hk-172K0~4F 1y (n=k+1k+2,...) configuration

form. Equation(6) means that the DR for only these ions,
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2 E (gk;zfl,m_ gk;z,n) a’z,n;zfl,lezl,nNe

Z,m n#g

I} I}
az,n;zfl,sz,nNe_ 2 a’z,k;zfl,mNz,kNe- (8
zn z,m

n#g k#g

Substituting Egs(5)—(8) into Eq. (4), and merging Eq.
(7) and the first term of Eq8) into a term, we finally obtain

d
a z,n

2 fk;z,nNz,n):; az,n;zfl,sz,nNe

I
- 2 az,k;zfl,mNz,kNe
z,m
k#g

+z(

|
E Pz .nizg—1m Nzk ,nNe!
z,Nn#g

€)

where the superscript Il dﬁ'z']n in the first term of Eq(9) is
dropped. The reason for doing so is tlagt,.,_ =0 for the

N}, ion, so to addS, na, ;- 1xN} oNe to the first term ob-
viously does not affect the results of this term. In addition,
the latter two terms in the equation are the contributions
from the partial ions in the excited states, hence can be ne-
glected[12]. Concerning this, a detailed discussion will be
given in Sec. lll. Thus Eq(9) reduces to

d
a (; gk;z,nNz,n) :; az,n;z—l,sz,nNe- (10

In general, in high-temperature laser-created plasmas the dis-
tribution of z sharply peaks a=z?, so one may assume that

@, n:,—1x fOr the neighboring ions can be approximated by
aj for an average ion, namely,

1
aza = N ; a’z,n;z—l,sz,n- (11)

whose configurations are of the above form, contributes to

the change of electron number in tkdevel.
(2) For the lel,n ion group, the difference between the

electron number of the recombininglin) ions and that of
recombined K} 1m) ions in thek level may be expressed in
terms of the Kronecker symbolgy., 1 m—éx.z.g= okm and
ékz—1m~ €kzn= Okm— Okn- This is because the DR makes
only them level increase an electron for ttli«ﬂz"g ions, and
the change of electron number happen only inrfhandn

levels for theNgn (n#g) ions. Thus we get

ZZm (gk;zf im- gk;z,g)az,g;zf 1,mN|z|,gNe

:g az,g;zfl,kNg,gNw (7)

By inserting Eg. (11) into Eg. (10) and defining
ckPk=(IIN)Z, 12N, We arrive at

gt (Nokp) =NeNey",

(12

wherec,py is the occupation number in thelevel of aver-
age ions, andz‘,frzaza,k is the DR rate coefficient in thie
level for average ions. From Eq$10)—(12), it may be
clearly seen that the AA model needs the DR rate coeffi-
cients in a special state. In order to make it practical to evalu-
ate the DR rates for average ions with noninteger occupation
numbers, we propose that!" be expressed in terms of the
configuration-average dielectronic capture rgi8,14. Let

m indicate an initial level, anglj be a doubly excited level in
DR processes, thea!" is



d
a'= 2>
WEITEL)
(=K D)

+ X

m(<k)
(i=j=k>m)

) o
X B Bij —mks (13

wherec; andp; (i=m, j, andﬁ respectively, are the statis-
tical weight and the electron occupation probability of the

0 _
CmPm(1—pj)(1- pTJﬁﬁnfTBn —mk

Cj
Cmpm(l_pj)( 1- CJT]. pj)
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subshell;ﬁf:j).— is the dielectronic capture coefficient for a
hypothetical one-electron ion, defined by

3
0) h

gjj_ a
’Bmij_

' A€ /kBT
(2ameke )72 gog i mE

(14

and Bjj_m« is the branching ratio. In terms of the
configuration-average Auger and radiative rags, ., can
be written as

— (i#)), (15)

B - mk a

¢ip; (1= Pm)Ajm

G TP L= AT+ Cip] (1= Pr) Al TP L= AT

(16)

ai

5 CiPj (Cip] —1)(1=pr) AT +Cipf (1= pr) Ajp,

In Egs. (14—(16), the statistical_weight factor term
djj 79.9m is equal toc;cj72cy, for j#j, andc;(c;—1)/4c,
forj=j, respectiverAjaTm is the Auger rate for a hypotheti-
cal two-electron iorf13,14. Aj,, is the radiative decay rate
for a hypothetical one-electron i¢@3]. pj = p;+ 8, herec; s

is the number of excited electrons, and less than or equal
one. Whenj#j, for min(c,pm,c;—c;p;j,cj—Cjpj)=1
and <1, we chooses=1/c; and é=min(CyPm,C;—CipP}.Cj
—Cjpj)ic;, respectively. When j=j, we choose
=2min(CrmP,(C;—C;p;)/A/c; for cupyn<l, d=2/c; for
CmPm=1 andc;p;<c;—2, and 6=1-p; for c,p,=1 and
C;—2<c;p;<c;—1. It should be pointed out that Eqd.3),
(15), and (16) are independent of the particular coupling
scheme. Furthermore, we emphasize that Efs. and (16)
omit radiative transitions to_nom subshells. This is because
the resonance transitionpor j —m are normally much faster
than the other transitior[45].

Ill. RESULTS AND DISCUSSION

difference of the orbital energies.=¢;+&j—¢&y,. As an
example, we have calculated the DR rate coefficients for
argon in the 3 and 3 subshells at the bound electron
populations: C1gp15=2.0, Cy¢P2s=2.0, Cy,P2,=3.999,
C3sP3s=0.05, C3,P3,=0.025. The results calculated at sev-
tgral temperature points are listed in Table I. It should be
pointed out that we have made two approximations to obtain
DR rates for average ions in the AA model. First, the DR
from the partial excited states has been neglected. The reason
this is a good approximation follows. At the electron density
N.<10?? cm 3, the excited-state level populations are usu-
ally much less than the ground-state populations, but the to-
tal DR rate coefficients from the two kinds of states are ap-
proximately equal. Therefore the total DR rates from the
excited states are much smaller than the total DR rates from
the ground states, and can be neglected in the calculation
[12]. Second, the DR rate coefficients for the various ions
present in high-temperature plasmas have been approximated
by that for a single fictitious “average ion.” This approxi-
mation originates in a basic assumption in the AA model

An atom-structure program has been developed in the AA TABLE I. DR rate coefficients for the average Ar ion in the 3

and 3 subshells in units of cfsec. Numbers in square brackets

model, in which the occupation number of orbital electrons
is a noninteger in general. The Hartree-Fock equations al

/e powers of 10.

solved self-consistently to obtain the radial wave functions
P.(r) and the orbital energies . Here for the orbital with

dr

dr

an occupation number less than one, the direct and exchange
self-interaction terms in the central potential are multiplied
by a factor which is just the occupation number to just cancel
out the self-energy involved in both the direct and exchange
sum. The continuum orbital wave functitﬂpc(r) required in

computing the Auger matrix elements is obtained in the
distorted-wave approximation, and normalized per unit Ryd-

T (keV) (421 Cl3p
0.1 1.247-13] 2.085—13]
0.3 9.357-14] 1.53§-13]
0.5 5.725—14] 9.427-14]
1.0 2.489-14] 4.109-14]
3.0 5.500—15] 9.100—15]
5.0 2.628—15] 4.350—15]
10.0 9.486—16] 1.571-15]

berg. The energy of free electrons in Efi) is fixed by the
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%tain’s, respectively. The DR rate coefficients in tliestibshell are
‘ranultiplied by 10.

FIG. 1. DR rate coefficients for average Ar ion in theahd 3
subshells vs electron temperature. The solid curve shows the raj
coefficients for the average ion, while the dashed curve shows th
rate-coefficient averages via detailed configuration accounting. Th
DR rate coefficients in the 8 subshell are multiplied by 10.

i . have not been explicitly evaluated in REE5]. So any com-
[1-3]. Namely, an average ion represents a close approximasarison cannot be made with the work of More, Zimmerman,
tion to the canonical average. However, there is very little;n4 Zinamon. In order to test the present method, we have
detailed analysis of this problem. Generally, it is believed.|cyjated the DR rate coefficients for the “real” & ion
that for heavier ions it is reasonable to assume that the '[\NBy using our code in the AA model, and compared our re-
averages are close, and for lighter ions the difference may bgjts with Hagelstain’§19] in Fig. 2. In our calculations, the
significant. Rozsnyaj16] has compared the energy of the go ply excited states included are thé3B intermediate
average ion and the energy average via detailed configurgyisionization states, corresponding to that in RR&8], and
tion accounting for helium af=5 eV. The results have )y the transitions where the excited electron can return to
shown that the difference between the two methods wagg original subshell by spontaneous radiation are taken into
about 20%. Here, we have numerically made an examinatiogecount. From Fig. 2, we may see that the difference be-
of the rate coefficients for the average Ar ion at the boundyeen the elaborate calculations and our results is less than a
electron population given above. First of all, for the givengacior of 1. In view of the fact that we adopt the extremely

average populatiop; and statistical weight; , we have em- — gimple form to calculate the Auger and radiative rates, the
ployed a statistical method, as made by Takabe and Nishsyistence of the above error is obvious.

ikawa[8], to obtain the fractional distributioN, ,/N of each
electronic configuration. Then the DR rate coefficients for
each conflguratlon have been exp!lcnly calculated by using IV. SUMMARY AND CONCLUSIONS
the self-consistent methdd 7,18. Finally, we have evalu-
ated the rate-coefficient average. The rate coefficients for the In conclusion, from Eqs10)—(12), it may be clearly seen
average ion and the rate-coefficient averages via detailegthat the AA model needs the DR rate coefficients in a special
configuration accounting have been compared in Fig. 1state, not the ones summed over the final states. Therefore
Comparisons show that for recombination into the two subthe Burgess-Merts formula cannot be directly applied to the
shells, the difference is smaller than a factor of oné=al0  AA model. We have proposed a self-consistent-field theo-
eV, but increases with decreasifig The greater difference retical method to calculate DR rates for average ions, and
in the range of lower temperature can be traced to the AAalso developed an average-atom structure program to calcu-
model. The DR rate coefficient for average ions includes amate the required recombination rate coefficients in a special
exponential factoe™®¢’T, in which the determination of.is  state in the AA model. As an example, the DR rate coeffi-
related to average ions. At low temperature, a ligleerror  cients for argon have been calculated at a defined electron
may give rise to a large:!" difference. population, and have been compared with the rate-coefficient
More, Zimmerman, and Zinamdil5] have formulated a average via detailed configuration accounting. To test the
method to add DR to the AA model, and the strong correlapresent method, we have evaluated the DR rate coefficients
tions of electron populations induced by the dielectronic capfor the “real” Se?** ion using our code in the AA model.
ture process have been studied. But the DR rate coefficientS8omparisons with the other elaborately calculated results
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